In this paper, a sliding mode controller (SMC) is designed to control the speed of an induction motor fed by three phase voltage source inverter based on space vector pulse width modulation (SVPWM) technique. The sliding mode controller is a nonlinear, high speed switching, feedback control strategy that provides an effective and robust approach for controlling nonlinear plants. The space vector pulse width modulation technique is advanced, computation-intensive pulse width modulation (PWM) technique and it is possibly the best among all the PWM techniques for variable frequency drive applications. The proposed scheme enables us to adjust the speed of the motor by controlling the frequency and amplitude of the stator voltage; the ratio of the stator voltage to the frequency should be kept constant. It is introduced to maintain a constant speed to when the load varies. Simulation results show the validation of the proposed scheme.
INTRODUCTION
Induction motors are used in many applications such as HVAC (heating, ventilation and air-conditioning), industrial drives (motion control, robotics), automotive control (electric vehicles), etc. [1, 2] . The squirrel-cage induction motor has been widely used in many control systems and industrial automatic systems. It has many advantages, such as simple structure, firmness and low maintenance cost. However, induction motors are difficult to control for several reasons: their dynamics are intrinsically nonlinear and multivariable [1] .
Various high-performance control strategies have been developed for the induction motor [3] [4] [5] [6] [7] [8] [9] . A well-known method is field-oriented control (FOC) [3] . With fieldoriented techniques, the decoupling of the induction motor's flux and torque can be controlled separately as an excited DC motor. But FOC requires accurate and complex calculation of the decoupling, so it is difficult to operate and easily influenced by load disturbance and parameter uncertainties. The conventional direct torque control (DTC) strategy is useful for overcoming the disadvantages of FOC [4, 5] . DTC doesn't require complex decoupling calculation and is easy to implement due to its simple structure. However, DTC has some drawbacks during induction motor operation, such as large ripples in torque and flux at low speeds.
In order to reduce ripples in torque and flux, a discrete space vector modulation (DSVM) has been proposed [6] by means of a new switching table. Since its sampling period is subdivided, this new switching table is more complex, with the result that its DSVM takes more time to calculate and requires a greater sampling time than that of the DTC does. As an alternative, space vector modulation (SVM) is incorporated with DTC for induction motor drives, as described in [7] [8] [9] [10] , to provide higher control resolution and help improve the drive's behavior. However, this simple controller design based on SVM and DTC techniques is sensitive to parameter variations and load disturbance.
The space vector pulse width modulation (SVPWM) method is an advanced, computation-intensive PWM method and it is possibly the best among all the PWM techniques for variable frequency drive applications [11] . Space vector modulation is based on the representation of three phase voltages as space vectors. It exhibits the features of good dc-bus voltage utilization and a low Total Harmonic Distortion (THD) when compared to other PWM methods [12, 13] .
Classical control systems like PI (proportional-integral) control have been used for the speed control of induction machines. The main drawbacks of classical PI controllers are their large overshoot and excessive settling time. To face these problems, sliding mode control has recently been applied to the control of electrical drive systems. A sliding mode controller (SMC) is a nonlinear, high speed switching, feedback control strategy that provides an effective and robust approach for controlling nonlinear plants [14] [15] [16] . However, the SMC easily produces a chattering phenomenon due to its discontinuous switching control.
In this paper, a sliding mode controller is designed to control the speed of an induction motor fed by three phase voltage source inverter based on space vector pulse width modulation technique. Simulation results show the validation of the proposed scheme.
The paper is organized as follows: Section 2, presents the space vector pulse width modulation and the sliding mode controller. The sliding mode controller based design is shown in Section 3. In section 4, simulation results are given to validate the proposed approach. Section 5 gives a comparative study. This paper is concluded in Section 6.
BACKGROUND 2.1 Space Vector Pulse Width Modulation
For the AC voltage, drive application sinusoidal voltage sources are usually not used [17] . They are replaced by six power IGBTs that act as on/off switches to the rectified DC bus voltage. Owing to the inductive nature of the phases, a pseudo-sinusoidal current is created by modulating the dutycycle of the power switches. The basic power circuit topology of a three-phase voltage source inverter supplying a star connected three-phase load is given in Figure 1 . A three phase bridge inverter, from 
Sliding Mode Controller
The control problem is to get the motor speed to track a specific time varying command in the presence of model imprecision, load torque disturbances and measurement noise. In sliding mode control, the system is controlled in such a way that the tracking error and its rate of change always move towards a sliding surface. The sliding surface is defined in the state space by the scalar equation [18] : (1) where: the sliding variable is:
where: is a positive constant that depends on the bandwidth of the system.
The problem of tracking is equivalent to remaining on the sliding surface for all the time, and the sliding variable is kept at zero. For a second order system the switching surface is a line. Control input is applied to drive the system state onto the switching line, and once on it, the system is constrained to remain on the line. The distance of the error trajectory from the sliding surface and its rate of convergence are used to decide the control input. The sign of the control input must change at the intersection of tracking error trajectory with the sliding surface. In this way, the error trajectory is forced to move always towards the sliding surface. Once it reaches the sliding surface, the system is constrained to slide along this surface to the equilibrium point. The condition of sliding mode is :
where:
is a positive constant.
This equation is stricter than the general sliding condition: and is equivalent to .
The q-axis stator voltage command is responsible for changing torque. It is defined as: (4) where:
is a positive constant, which is the gain of the sliding mode controller. A suitable value of ensures sliding to occur.
This controller gives unacceptable performance due to high control activity, resulting in chattering of control variable and system states. To reduce chattering, a boundary layer of width is introduced on both sides of the switching line. This amounts to reduction of the control gain inside the boundary layer and results in a smooth control signal. Then the control law is modified to:
PROPOSED SLIDING MODE CONTROLLER SCHEME
The flow chart of the sliding mode control process is represented in Figure 3 . It illustrates that the sliding mode control is performed by reading the value of actual speed and comparing it to the reference speed to generate an error signal. This error signal and the derivative of error are used to determine the switching surface and the state of the system must remain on the sliding surface. The controller then generates the 6 PWM signals for inverter and compares the error value e to a set value . If the error is less than this value, the error value is printed and the control process stops, otherwise the process is repeated to an acceptable error value.
The block diagram of the induction motor using speed controller is shown in Figure 4 . In this Figure, the value of the actual speed generated by the induction motor is compared to the desired value to generate an error signal. This error signal and its derivative are fed to the sliding mode controller which generates a crisp value . This value is added the motor speed which in turn forms the input to the Voltage Source Inverter and V/f controller. The VSI (Voltage Source Inverter) receives voltage signal from the V/f controller and (frequency signal). The Voltage Source Inverter uses these inputs to generate a three phase voltage whose frequency and amplitude can be varied by the sliding mode controller. The three phase voltage is fed to the induction motor which then runs with a speed which tends to follow the desired speed (reference speed, ).
In Figure 5 , the block diagram of the sliding mode controller using MATLAB Simulink is represented. The value of the actual speed is subtracted from the value of the reference speed to generate the error signal . Then the error signal is differentiated to generate . The values and are added and the result is passed through the saturation function to generate . This value is added to value of the actual speed to generate the frequency and the voltage required by the voltage source inverter VSI. 
SIMULATION RESULTS AND ANALYSIS
The speed set point is 1000 rpm at time t = 0 s,. The speed follows precisely the acceleration ramp. At t = 0.5 s, the full load torque is applied to the motor shaft while the motor speed is still ramping to its final value. This forces the electromagnetic torque to increase to a high value and then to stabilize at 11 N.m once the speed ramping is completed and the motor has reached 1000 rpm. At t = 1 s, the speed set point is changed to 1500 rpm and the electromagnetic torque reaches again a high value so that the speed ramps precisely at 1800 rpm/s up to 1500 rpm under ull load. At t = 1.5 s, the mechanical load passed from 11 N.m to -11 N.m, which causes the electromagnetic torque to stabilize at approximately at -11 N.m shortly after.
Using PI Controller
For speed, the rise time is 1.11 sec and the settling time is 1.514 sec. The maximum overshoot is 25 rpm which is less than 2%. The peak time is 1.514 sec, and the delay time is 0.4 sec as shown in Figure 6 . For torque shown in Figure 7 , the ratio of ripples varies as follows:

From 0 sec to 0.5 sec: the ratio is 12%.
 From 0.5 sec to 1 sec: the ratio is 18%.
 From 1 sec to 1.25 sec: the ratio is 3%.  From 1.25 sec to 1.5 sec: the ratio is 3%.  From 1.5 sec to 2.5 sec: the ratio is 24%. So, when using PI controller, the speed and torque have some ripples.
Using PID Controller
For speed, the rise time remains 1.11 sec and the settling time is 1.53 sec. The maximum overshoot is decreased to 20 rpm which is less than 2%. The peak time is 1.88 sec, and the delay time is 0.4 sec as shown in Figure 8 . For torque shown in Figure 9 , the ratio of ripples varies as follows:

From 0 sec to 0.5 sec: the ratio is 4%.  From 0.5 sec to 1 sec: the ratio is 3.8%.  From 1 sec to 1.25 sec: the ratio is 4%.  From 1.25 sec to 1.5 sec: the ratio is 40%.  From 1.5 sec to 2.5 sec: the ratio is 9%.
Thus, when using PID controller, the speed and torque ripples are decreased.
Using sliding mode Controller
For speed, the rise time remains 1.11 sec and the settling time is 1.1 sec which is less than PI or PID. The maximum overshoot is 5 rpm which is very small and less than 2%. The peak time is 2 sec, and the delay time is 0.4 sec as shown in Figure 10 . For torque shown in Figure 11 , the ratio of ripples varies as follows:

From 0 sec to 0.5 sec: the ratio is 3.8%.  From 0.5 sec to 1 sec: the ratio is 3.4%.  From 1 sec to 1.25 sec: the ratio is 3%.  From 1.25 sec to 1.5 sec: the ratio is 3.5%.  From 1.5 sec to 2.5 sec: the ratio is 9.27%. 
Print e(t), END
Thus, when using sliding mode controller, the speed and torque have some ripples with magnitude less than either using PI or PID controllers. These results are summarized in Table 1 and Table 2 .
COMPARATIVE ANALYSIS
In this section, we compare our results with A R. Arulmozhiyaly and K. Baskaran [17] using different speeds and load torques. Figure 12 shows the speed using the proposed sliding mode controller and Figure 13 shows the speed using PI and fuzzy PI controller at reference speed of 800 rpm and no load. Figure 14 shows the speed using the proposed sliding mode controller and Figure 15 shows the speed using PI and fuzzy PI controller at reference speed of 800 rpm and load of 5 N.m. Figure 16 shows the speed using the proposed sliding mode controller and Figure 17 shows the speed using PI and fuzzy PI controller at reference speed of 1200 rpm and no load. Figure 18 shows the speed using the proposed sliding mode controller and Figure 19 shows the speed using PI and fuzzy PI controller at reference speed of 1200 rpm and load of 5 N.m.
From the results shown in the last figures, it is clear that the sliding mode controller gives better response and lower overshoot than PI and fuzzy PI controllers. Table 3 shows the settling time using the proposed sliding mode controller and fuzzy PI controllers. The results are approximately the same. 
CONCLUSION
This paper proposed a sliding mode controller design to control the speed of an induction motor fed by three phase voltage source inverter based on space vector pulse width modulation technique. The proposed scheme enabled us to adjust the speed of the motor by controlling the frequency and amplitude of the stator voltage; the ratio of the stator voltage to the frequency should be kept constant. It is introduced to maintain a constant speed to when the load varies. Simulation results showed the validation of the proposed scheme. As a conclusion, the sliding mode controller gives lower overshoot than PI and fuzzy PI controllers. As a future work, more analysis is needed to face the sliding mode controller torque ripples which are not completely eliminated. 
